Studies of detailed chemical compositions in particles with different size ranges emitted from ships are in serious shortage. In this study, size-segregated distributions and characteristics of particle mass, organic carbon (OC), elemental carbon (EC), 16 EPA PAHs and 25 n-alkanes measured on board of 12 different vessels in China were 25 given. The results showed that: (1) More than half of the total particle mass, OC, EC, PAHs and n-alkanes were concentrated in fine particles with aerodynamic diameter (D p )<1.1 μm for most of the tested ships, basically presenting downward distribution trends with the increase of particle size. However, different types of ships showed quite different particle size-dependent chemical compositions. (2) In fine particles, the 30 OC and EC were the dominant components, while in coarse particles, OC and EC only accounted for very small proportions. With the increase of particle size, the OC to EC ratios first decreased and then increased, having the lowest values for particle sizes between 0.43μm and 1.1 μm. (3) OC1, OC2 and OC3 were the dominant OC fragments for all the tested ships, while EC1 and EC2 were the main EC fragment for 35 ships running on heavy fuel oil (HFO) and marine diesel fuel, respectively; Different OC and EC fragments presented different distributions in different particle sizes. (4) Low power diesel fishing boats (LPDF) had much higher PAHs emission ratios than high power diesel vessels (HPDV) and heavy fuel oil vessel (HFOV) in fine particles, and HFOV had the lowest values. (5) PAHs and n-alkanes showed different profile 40 patterns for different types of ships and also in different particle size bins, which meant that the particle size should be considered when source apportionment was conducted. It is also noteworthy from the results in this study that the smaller the particle size, the more toxic the particle was, especially for the fishing boats in China. 
Introduction
Particulate matter (PM) emitted from ships have significant impacts on human health and air quality (Schröder et al., 2017; Liu et al., 2016; Oeder et al., 2015; Viana et al., 2014) . Ship emission is one of the most important sources of fine particulate matter (PM 2.5 ) in harbor or offshore areas. PM from both heavy fuel oil and marine for PM was discussed in our previous studies (Zhang et al., 2016; Zhang et al., 2018; Zhang et al., 2019) . In general, low engine power fishing boats had much higher PM emission factors than other types of ships, while high engine power diesel vessels showed lower PM emission factors, especially for the high quality fuel ships. Besides, low load operating modes showed higher PM emission factors for almost all the tested 210 ships. In this study, we focused on the size-segregated particle mass distributions of the tested ships. It was found that more than half of the particle mass was concentrated in fine particles with D p <1.1 μm (33-91%). However, there were still large proportions (5-53%) in coarse particles with Dp>3.3 μm. The findings were in line with the previous studies which reported that the mass distributions of ship 215 emissions were dominated by accumulation mode and/or coarse mode particles (Moldanová et al., , 2013 Murphy et al., 2009) . In contrast, the total particle number concentrations were dominated by nucleation mode particles with D p <0.1 μm, while particles with D p >0.5 μm showed very low number concentrations that were often neglected in previous studies (Cappa et al., 2014; Beecken et al., 2014;  220 Moldanová et al., 2013; Juwono et al., 2013; Diesch et al., 2013; Alfoeldy et al., 2013; Winnes and Fridell, 2010; Kasper et al., 2007) . Different types of ships showed rather different size-segregated particle mass distributions. As shown in Fig. 1 , the mass was concentrated on particles with D p <0.43 μm for the HFO driven ship YK, coincident with the results of a previous study that found the particle mass peaked at around 50 nm for a HFO ship (Chu-Van 230 et al., 2017) , but inconsistent with a study on hot-exhaust particles from a HFO driven cargo vessel which revealed bimodal particle mass distribution with peaks at ~ 7 μm and ~ 0.5 μm, attributed to the HFO combustion and the various nature and composition of the ship-exhaust particulates . In this study https://doi.org/10.5194/acp-2019-363 Preprint. Discussion started: 9 July 2019 c Author(s) 2019. CC BY 4.0 License.
we found that high power diesel vessels had relatively smaller fractions of particle 235 mass in the fine mode with D p <0.43 μm but larger fractions in the coarse mode with D p >5.8 μm than those of the HFO ship. This pattern was also consistent with the result of Fridell et al. (2008) who found a large peak at ~10 μm from the emissions of large diesel engines. Furthermore, different fishing boats (GB1 to TB6 in Fig 1.) showed different size-segregated particle mass distributions in this study. It can be 240 seen that low engine power fishing boats had high percentages of fine particles with D p <1.1 μm, while high engine power fishing boats showed high proportions of coarse particles. The different size-segregated particle mass distributions for different types of ships were likely caused by the quality of fuel and its combustion efficiency in the engines. For example, compared to diesel fuel, HFO contains high percentage of 245 aromatics, which are known to contribute to nucleation mode particle formation (Zetterdahl et al., 2017) . Moreover, incomplete combustion could enhance the formation of nucleation mode particles from the unburned fuel and lubrication oil (Zetterdahl et al., 2017) . Hence, the relatively lower combustion efficiency of HFO ship led to higher proportions of fine particles than diesel-fueled ship. Moreover, the 250 quality of fuel used for the same type of ships such as fishing boats varied largely in China, which might, at least to some extent, was also responsible for the different size distributions. Compared to high engine power fishing boats, relatively lower combustion efficiencies of the low engine power fishing boats resulted in higher proportions of fine particles (Zhang et al., 2018) .
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The size-segregated particle mass distributions in different operating modes were also compared in this study. No obvious discrepancy was found for all the tested ships, similar to a previous study on mass distribution from measurements onboard of three ships (Fridell et al., 2008) , but different from another study on a marine engine that reported the particle mass distribution centered at 0.1-0.2 μm with much fewer coarse 260 particles under at-berth condition compared to maneuvering and ocean-going conditions (Chu- Van et al., 2017) . The main reason was that the at-berth emission was calculated based on auxiliary engine but not the main engine by Chu- Van et al. (2017) . Coincidently, emissions from two auxiliary engines in the HFO driven ship YK and engineering ship HH were measured in this study (Fig. S1 ). Both showed high
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proportions of fine particles with D p <0.43 μm and small percentages of coarse particles, similar to the findings of Chu- Van et al. (2017) . Overall, fuel type, fuel quality, engine type might have higher influence on particle mass distributions from ships than the operating mode. 
Characteristics of OC and EC in size-segregated particles

OC and EC proportions in each particle size bin
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In order to figure out the carbonaceous components in size-segregated particles, percentages of OC and EC in each particle size bin are given in Fig. 3 . In general, both OC and EC proportions showed overall decreasing trends with the increase of particle sizes for all three types of ships. The OC+EC accounted for large proportions of the total particle mass in fine particles, between 40 and 65 % for particles smaller 305 than 0.65 µm. However, OC+EC only explained small proportions in coarse particles, less than 15% for particles larger than 5.8 µm diameter, suggesting that most of the coarse particle mass was dominated by other non-carbonous components, such as ash and hydrated sulfates. The coarse particles could be seriously influenced by natural-based substances such as ash that was introduced into the cylinder by the air to maintain a certain-reliable equivalent ratio in the cylinder. This was confirmed in a previous study about the ship-exhaust particle composition based on transmission electron microscopy (TEM) study. Mineral/ash particles containing lime, calcite, vanadium oxide and nickel sulfide were also found to be dominant in coarse particles .
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In addition, the differences of OC+EC proportion patterns among the three types of ships were large. OC+EC accounted for >60% in particles with D p <0.65 μm for HFOV, then decreased sharply to less than 30% in particles with D p >0.65 μm, and only explained ~10% in particles with D p >9.0 μm. The OC+EC for LPDF showed similar trend to that for HFOV, but had higher proportions in particles with D p of 320 0.65-3.3 μm. In contrast, the OC+EC only accounted for ~40% in particles with D p <1.1 μm for HPDV, and decreased to less than 10% in particles with D p >9.0 μm.
Because the OC and EC compositions in size-segregated particles from ships were not studied in the past, this study compared components of PM 1 or hydrated sulfate and organic carbon in size-resolved particles with earlier studies. Diesch et al. (2013) 325 found that organic matter (OM) was the most abundant component in PM 1 , while EC contributed only 6% on average to PM 1 . This result was similar to the composition of HFOV emissions in this study but significantly different from that of the HPDV and LPDF, likely due to the different types of engine and fuel. Moreover, Healy et al.
(2009) found that hydrated sulfate and organic carbon were the dominant components 330 of size-resolved PM from ship plumes, while Murphy et al. (2009) reported that the fraction of unknown mass was much higher at small particle sizes, which were different from our results. The large discrepancies might be caused by the different sampling, analytical methods and the fuel quality. In addition, the unidentified components in each particle size bin should be clarified in the future, especially in The average proportions of OC were higher than EC in each individual particle
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size bin for all the tested ships. For better comparison, OC to EC ratios in all particle size bins are given for the three types of ships in Fig. 4 . The OC/EC ratio of HFOV in each particle size bin was the highest, followed by LPDF and HPDV. The OC/EC ratios in fine particles from HFOV were more than 10, while they were less than 3 for HDPV. In addition, with the increase of particle size, the OC to EC ratios decreased It is well known that particles emitted from diesel engines are formed through a complex process, starting with soot precursors generated from thermal decomposition of the large hydrocarbon molecules, through processes such as dehydrogenation, PAH formation, growth in molecular weight, particle inception, growth by surface reaction 355 and coagulation, agglomeration and oxidation, etc. (Lighty et al., 2000) . In the processes, several factors can influence the change of particle number (PN) and diameter: coagulation reduces the PN through particle collision that forms new particle; surface growth involves the attachment of gas-phase species to the existing particles and results in no changes in PN but increase of PM diameter and mass; 360 aggregation leads to chains and clusters of primary soot particles and an increase in particle size (to 10-100 nm in diameter) (Heywood, 1988) ; and oxidation occurs during the formation and growth processes of the particles, resulting in the formation of gaseous species and reduction of soot particles and their precursors. In addition, the exhaust gases continue to cool down and are diluted with air in the exhaust gas of hydrocarbons and other volatile compounds, but not on the soot particles (Heywood, 1988) . The volatile compounds in the exhaust gas channel may form new particles via transformation, nucleation, adsorption and condensation, depending on the conditions in the exhaust gas channel (Kittelson, 1998).
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Soot particles were mainly formed through pyrolysis of diesel fuel and lubrication oil, and the organic fraction was formed through incomplete combustion of fuel and lubrication oil (Zetterdahl, 2016) . Incomplete combustion of fuel and lubrication oil could significantly enhance the formation of fine particles, which might be the reason for the higher OC to EC ratio in particles with Dp<0.43 um. This study 375 found that most EC were in the particles with Dp<1.1 um, coincident with the fact that soot was primarily in accumulation mode with particles of 0.1<Dp<1 um (Kasper et al., 2007) . Although OC was also concentrated in fine particles with D p <1.1 μm (Section 3.1), its percentage was higher in particles with D p <0.43 μm, and lower in particles with 0.43<D p <1.1 μm, compared to the EC distribution. Therefore, OC to EC 380 ratios were lowest in particles with 0.43<D p <1.1 μm for all the tested ships. For the coarse particles, though non-carbonous components were the dominant parts, OM increased after the cooling of the exhaust gas while content of EC and ash remained unchanged through adsorption of hydrocarbons and other volatile compounds (Zetterdahl, 2016) , which enhanced the formation of coarse particles. Consequently,
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OC to EC ratios also showed high values in coarse particles with D p >3.3μm. HFOV showed higher OC to EC ratio than the diesel ships, which might be caused by the relatively lower combustion efficiency. Similarly, because HPDV ships had higher combustion efficiencies due to the higher fuel quality and better engine maintenance in this study, OC to EC ratios of HPDV showed the lowest levels. 
OC and EC fragments in size-segregated particles
According to the IMPROVE-A protocol used in the thermal-optical carbon analysis, fragments of OC (OC1,OC2, OC3, and OC4 fragments obtained in 120, 250, 450, and 550 °C in pure He atmosphere, respectively) and EC (EC1, EC2, and EC3 fragments obtained in 550, 700, and 840 °C in 98% He/2% O 2 atmosphere, respectively) were obtained and used to understand different formation processes (Sippula et al., 2014) . In this study, percentages of OC and EC fragments in different particle size bins are shown in Fig. 5 . Typically, OC1+OC2 were classified as volatile organic compounds while OC3+OC4 were categorized as refractory organic compounds. EC was divided into char and soot. EC1 was classified as char-EC and 400 EC2+EC3 were classified as soot-EC (Han et al., 2018) . OC1, OC2 and OC3 were the dominant OC fragments for all the tested ships, while EC2 was the prevailing EC fragment for diesel fuel ships and EC1 was the main EC fragment for HFO ship. In comparison, OC1+OC2 in LPDF ships accounted for higher percentages than other types of ships, especially OC1, while OC3+OC4 in HFOV had more fractions than in 405 LPDF and HPDV, revealing that more pyrolytic organic matters were emitted from HFOV ships.
The results are consistent with a previous study which found that 37-57% of the OC were heavier OC fragments (OC3, OC4, and pyrolytic carbon) in PM emitted from heavy fuel oil ships, while the PM from diesel fuel ships was dominated by the 410 most volatile OC1 and OC2 fragments (Sippula et al., 2014) . Since OC was formed through incomplete combustion of the fuel and lubrication oil, the different OC fragments in PM between HFO and diesel ships (LPDF and HPDV) reflected the variations of the fuel composition. This result was coincident with the fact that heavy fuel oil has longer carbon chains than diesel fuel. For EC, the amount of soot particles 415 emitted from cylinder depends on the difference between the formation rate and the oxidation rate during the expansion stroke (Zetterdahl, 2016) . From Fig. 5 we inferred that the 2-stroke low speed HFO engine (HFOV) had higher oxidation rate than the 4-stroke medium/high diesel engines (HPDV and LPDF), leading to lower soot-EC percentages.
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The OC and EC fragments had different percentages in different size particles.
On one hand, OC1 in diesel fuel ships presented obvious decreasing trend with the increase of particle size. However, though the highest proportion of OC1 was observed in particles with D p <0.43 μm for HFOV, there was an opposite variation https://doi.org/10.5194/acp-2019-363 Preprint. Discussion started: 9 July 2019 c Author(s) 2019. CC BY 4.0 License. trend of the other particle size bins to that of diesel fuel ships. Furthermore, for diesel 425 fuel ships, both OC2 and OC3 had lower proportions in small particles and higher proportions in coarse particles. For HFOV, OC2 accounted for the largest proportion in particles with D p <0.43 μm, whereas its proportion in other particle size bins was similar. In contrast, OC3 occupied the smallest proportion of HFOV in particles with D p <0.43 μm, and was constant in other particle size bins. In addition, OC4 showed no 430 significant variations among the particle size bins for all the tested ships. On the other hand, EC1 showed decreasing trends with the increase of particle size for all the tested ships, while EC2 had the highest proportions in particles with 0.65<D p <1.1 μm for diesel fuel ships, with overall higher proportions in small particles and lower proportions in coarse particles. However, EC2 of HFOV showed no significant 435 variations. In addition, EC3 had very small proportions for all the tested ships and showed no significant variations with particle sizes.
It is known that particles in the nucleation mode consist of both solid particles and condensable organic and sulphur compounds that are usually formed during dilution and cooling of the exhaust gas (Kittelson, 1998) . Hydrocarbons and carbon 440 fragments are the main source of tiny particles from engines running under normal conditions with low-sulfur fuels (Kittelson, 1998) . Besides, it has been proved that new particle formation via nucleation is more favorable than adsorption on exiting particles if there is small surface area on which to adsorb when hydrocarbons transfer from gas phase to particle phase (Kittelson, 1998) . Therefore, high volatile organic 445 matter in nucleation mode particles might be the reason for higher proportions of OC1 in small particles. It is also known that the majority of accumulation-mode particles are solid agglomerates with adsorbed compounds (Kittelson, 1998) . Due to the smaller surface areas of accumulation and coarse mode particles, fewer volatile organic matters can be adsorbed with the increase of particle size, leading to the large size particles containing OC3 and OC4 have been proved in a previous study (Han et al., 2018) . In this study, EC was primarily found in the accumulation mode.
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This is to some extent consistent with the findings of Kittelson (1998) that accumulation mode particles are mainly carbonaceous soot agglomerates formed directly by combustion, and those of that char and char-mineral particles were concentrated in a size range of 0.2-5 μm. Moreover, the decreased temperature in the exhaust gas channel has an impact on the condensation 460 and adsorption of hydrocarbons and other volatile compounds during the coarse particle formation, but not on the soot particles (Heywood, 1988) . As a result, EC fragments showed obvious deceasing trends with the increase of particle size in coarse-mode. The formation of OC and EC fragments could be influenced by many factors, such as engine condition (temperature, pressure), fuel type (fuel composition 465 and structure), operating conditions, etc. (Tree and Svensson, 2007) . However, detailed formation mechanism of OC and EC fragments in size-segregated particles still need to be further studied. The distributions of total PAHs and total n-alkanes in different size particles emitted from these three types of ships in China are shown in Fig. 6 and Table S8 . Clearly, large proportions of identified organic compounds were concentrated in fine particles. About 66.3% to 88.0% of PAHs were in particles with D p <1.1 μm. The results are consistent with the finding of a previous study that revealed >69% particle-PAH was associated with PM 2.5 emitted from residential coal combustion (Shen et al., 2010) . Similar observations were also reported from indoor crop burning 480 (Shen et al., 2011) and motorcycles (Yang et al., 2005) . In addition, a previous study about PM from a typical container ship has demonstrated that the smaller the particles are, the greater their toxicity is (Wu et al., 2018) . In comparison, n-alkanes in fine particles with D p <1.1 μm accounted for higher proportions than PAHs, with a range of 79.0~94.6%. Both PAHs and n-alkanes in particles with D p <1.1 μm from HFOV had 485 the highest proportions among the three types of ships, and they were the lowest from HPDV. Thus, large proportions of PAHs (33.7%) and n-alkanes (21.0%) were still in particles with D p >1 μm for HPDV, which were seldom reported in previous studies of ship engine exhausts.
It is well documented that incomplete combustion of fuel and lubrication oil was 490 one of the major sources of organic compounds in PM and enhanced the new particle formation (Agrawal et al., 2010; Zetterdahl et al., 2017) . Higher PAHs contents in heavy fuel oil and lower combustion efficiencies in 2-stroke lower speed engines could lead to enhanced nucleation-mode particle formation, which could contain more PAHs and n-alkanes. In contrary, lower PAHs contents in diesel fuels of HPDV ships,
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together with better maintenance of the engines, might lead to better combustion conditions and less nucleation-mode particle formation that had lower organic matter proportions. In addition, new particles could be formed in the exhaust gas channel through transformation of nucleation, adsorption and/or condensation. Therefore, the varied conditions in the exhaust gas channels caused the differences in organic matter proportions in coarse particles. The relatively longer exhaust gas channel and higher temperature in the channel of HFOV enhanced the formation of new secondary nucleation-mode and/or accumulation-mode particles from gas-phase organic compounds, leading to higher proportions of organic matters in fine particles (Kittelson, 1998 ).
505 Figure 6 The distribution of total PAHs and total n-alkanes in different particle size bins (%)
Emission ratios of PAHs and n-alkanes in each particle size bin
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In order to explore the variations of total PAHs and total n-alkanes in different size particle bins, the emission ratio (μg (g -1 PM) and mg (g -1 PM)) was defined and discussed in this study. It is calculated by dividing the total PAHs or n-alkanes mass (μg/mg) through the particle mass (g) in each particle size bin. The emission ratios of total PAHs and total n-alkanes in size-segregated particles are shown in Fig. 7 .
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Obviously, the emission ratios of both PAHs and n-alkanes decreased with the increase of particle size, and they were more than two orders of magnitude higher in fine particles than in coarse particles. Namely, much more organic matter was https://doi.org/10.5194/acp-2019-363 Preprint. Discussion started: 9 July 2019 c Author(s) 2019. CC BY 4.0 License.
contained in fine particles than in coarse particles. This is consistent with previous findings that nucleation-mode particles usually contain a large proportion of organic 520 compounds (Kittelson, 1998; ).
Among the three types of ships, LPDF had the highest PAHs emission ratios in fine particles with D p <1.1 μm, and the HFOV had the lowest values. However, no significant difference of PAHs emission ratios was observed in particles with D p >1.1 μm for all the tested ships (p>0.05), so was for n-alkanes. In particular, the low power 525 diesel fishing boats in China had not only high levels of PM emission factor, but also high proportion and emission ratio of organic matters in fine particles, implying their severe influence on human health and the environment. in size-resolved particles
Profiles of speciated PAHs and n-alkanes in size-segregated particles
The speciated profiles of PAHs and n-alkanes in size-segregated particles emitted from the three types of ships are shown in Fig. 8 . Phe, Flua, Pyr, BaA, Flu and Chr
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(full names and their abbreviations are shown in Table S5 ) were the most dominant PAHs, while their relative percentages in different types of ships and in different particle size bins varied. For HFOV, the levels of Flua, Phe, BaA and Pyr were higher than other PAH species, while the profiles of PAHs in different particle sizes were similar. For HPDV, Phe, Flu, BaA and Pyr were the main PAHs, with Phe having the 540 highest proportions in all the particle size bins. Furthermore, the percentages of Phe and BaA were lower in coarse particles. This is in accordance with the fact that https://doi.org/10.5194/acp-2019-363 Preprint. Discussion started: 9 July 2019 c Author(s) 2019. CC BY 4.0 License.
